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The Josephson plasma resonance in single-crystalline Bi2Sr2CaCu2O81d has been investigated at a micro-
wave frequency of 35 GHz in a TE102 cavity resonator as functions of external magnetic field (Hextic axis!,
temperature, and sample dimension L of the ab plane. A sharp resonance is observed in a perpendicular
oscillating electric field (Erfic), whereas multipeaks are found in a parallel oscillating magnetic field (Hrfiab).
The former is independent of the sample dimension, while the latter shifts to higher fields as the sample size
L is reduced, and it disappears when L becomes smaller than the critical length L*. At 35 GHz, the value of
L* is obtained to be 1.6 mm. The size-dependent resonance observed in Hrfiab can be explained by the strong
dispersion relation of the transverse Josephson plasma, while the size independence of the resonance in Erfic
can be described by the longitudinal Josephson plasma as predicted by the recent theory of Josephson plasma
of Tachiki et al. Since the longitudinal plasma mode is the Nambu-Goldstone mode in a superconductor, the
experimental distinction between the longitudinal and the transverse mode leads to the conclusion that the
existence of the Nambu-Goldstone mode as predicted by Anderson was experimentally confirmed by direct
observation of the Josephson plasma resonance with longitudinal excitations. The finite gap found in the
Josephson plasma resonance also provides a direct proof of the Anderson-Higgs mechanism within the context
of the spontaneously broken phase symmetry of the gauge-field theory in a superconductor.
@S0163-1829~98!03605-4#I. INTRODUCTION
Since the observation of a sharp plasma edge at a far-
infrared frequency region in polycrystalline high-Tc samples
by Noh et al.,1 and in single-crystalline La 22xSr xCuO 4 by
Tamasaku et al.,2 the collective plasma mode excited by
electromagnetic waves in high-Tc superconductors has at-
tracted much attention. Tachiki et al.3 pointed out that this
excitation is characteristic of layered superconductors
coupled with the Josephson effect, and cannot be observed in
conventional three-dimensional superconducting systems
where the plasma excitation energy vp;eV lies well above
the superconducting gap D of a few meV.4 In high-Tc super-
conductors such as Bi 2Sr 2CaCu 2O 81d , it has been inferred
that the well-separated layered structure may give rise to the
weakly coupled superconductor-insulator-superconductor
~SIS! Josephson interaction, since anomalous Josephson-
junction-like behavior in I-V characteristics has been
observed.5–8 In fact, Fertig and Das Sarma,9 and Mishonov10
have predicted the existence of the low-energy excitations
even in the superconducting energy gap D in such layered
systems. For example, the plasma frequency perpendicular to
the layers in Bi2Sr2CaCu2O81d , can be estimated to be vp
5c/Aelc'1 meV, which is much lower than the supercon-
ducting energy gap D'30 meV.11,12 In such a condition, the570163-1829/98/57~5!/3108~8!/$15.00plasma oscillation can be expected to be observable by elec-
tromagnetic excitations since the Landau damping mecha-
nism does not work.
The electromagnetic resonance due to the plasma oscilla-
tion in a microwave frequency region was discovered by
Tsui et al.13 in the surface impedance measurement of the ab
plane of Bi 2Sr 2CaCu 2O 81d in a perpendicular external field
(Hextic). Subsequently, Matsuda et al.14 observed a sharp
resonance by the experiments in a perpendicular oscillating
electric field (Erfic) with a cavity resonator. They inter-
preted that this resonance is due to the Josephson plasma
resonance as suggested by Bulaevskii et al.15 In those stud-
ies, it is also shown that the absorption line intensity, the
width, and the position behave in a complicated fashion as
functions of the external field Hext , the microwave frequency
n , and the temperature T , suggesting the existence of a
strong coupling between the plasma modes and the vortex
state. Since then, several theoretical16–18 and experimental19
works on the Josephson plasma phenomena in
Bi2Sr2CaCu2O81d have been reported. Similar absorption
phenomena have also been observed in
Bi2(Sr,La)2CaCu2Oy,20 and in an organic superconductor
k-~BEDT-TTF! 2Cu~NCS! 2.21 These materials are also well
known as layered superconductors which have arrays of SIS
Josephson junctions similar to Bi 2Sr 2CaCu 2O 81d .3108 © 1998 The American Physical Society
57 3109MODE SEPARATION OF THE JOSEPHSON PLASMA IN . . .A fundamental question has arisen from the recent theo-
retical studies. Since there exist two plasma modes, longitu-
dinal and transverse, as collective excitations, the question is
which mode has been observed experimentally. According to
theory, the two modes have very different dispersion rela-
tions: the longitudinal plasma mode (kic) has a characteris-
tic flat dispersion, whereas the transverse one (k'c) shows a
strong dispersion which tends to a linear dependence for
k!` .22 As a result, the line shapes of the resonances are
expected to differ considerably: for the longitudinal mode, it
should be sharp and almost symmetric, while the resonance
of the transverse mode has a broad and asymmetric line
shape because of the long tail on the higher field side of the
resonance. In order to examine the character of the two
modes, experiments have been performed with various con-
figurations of sample position and microwave fields, Erf and
Hrf . From these experiments, it is concluded that the reso-
nance observed in the case of Erfic is not the transverse
plasma mode but the longitudinal one.23 This conclusion
contradicts earlier ones,14,15 which identified it as the trans-
verse mode.
In this paper, we discuss in detail how to distinguish the
two modes experimentally by using two configurations of
plasma excitations among several possible configurations of
microwave Erf and Hrf vectors and the crystallographic axes
of the sample: one is the case Erfic and the other is the case
Hrfiab . Two plasma modes can be generated separately and
independently by these two experimental conditions. The
distinction of the two modes is done by making use of the
sample size dependence of the plasma resonance: for the
transverse mode excited in the configuration of Hrfiab , a
systematic shift of the resonance field was observed as a
function of the sample size L in the ab plane, while for the
longitudinal mode, it is independent of L according to the
theoretical prediction.24,25 This sharp difference of the
sample size effect is expected from the characteristic disper-
sion relation of the transverse mode.
This clear experimental evidence for two distinct plasma
modes leads to an interesting corollary concerning a funda-
mental aspect of the superconducting transition. As is well
known in the theory of phase transitions with the spontane-
ous symmetry breaking, the phase symmetry of the gauge
field is spontaneously broken with the appearance of the su-
perconducting phase. The collective excitations associated
with the broken phase symmetry in a superconductor are
known to be the longitudinal plasma mode, which is the
Nambu-Goldstone mode.26–29 Therefore, the distinction of
the two plasma modes made in the present experiments gives
direct experimental confirmation of the existence of the
Nambu-Goldstone mode in a superconductor.30,31 The
plasma mode in a charged system such as conventional su-
perconductors has an energy gap of the order of eV. Thus, as
pointed out by Anderson, the Nambu-Goldstone mode has
never been observed experimentally in the past. Furthermore,
the observed energy gap of the plasma mode proves directly
the validity of the Anderson-Higgs-Kibble32–34 mechanism
for superconducting phase transition.
II. EXPERIMENT
All experiments were performed at 35 GHz. A rectangular
cavity resonator with TE102 mode was used. It is advanta-geous to use the cavity resonator in order to determine the
experimental configurations between oscillating electromag-
netic fields, Erf and Hrf , and the crystal axis of the sample.
The cavity is made of a piece of copper waveguide and can
be opened easily by mechanically sliding the quarter of the
bottom part of the cavity as shown in Fig. 1. The measure-
ments were performed for two samples. Superconducting
transition temperatures are 90 and 84 K for sample A and B ,
respectively. This was checked after all measurements were
done by magnetic-susceptibility measurements in a super-
conducting quantum interference device magnetometer. Both
samples are rectangular thick films with thickness of 20 mm.
Sample A was carefully cut in several steps using a sharp
knife from the initial size of 2.8 mm32.5 mm to final size of
0.73 mm 3 0.72 mm. At each step, resonance experiments
with varying temperature were carried out for different con-
figurations of the sample ~both Erfic and Hrfiab). The
sample was placed at two positions in order to have the two
different configurations shown in Fig. 1. In the first case, the
sample is placed at the position where Erf is maximum and
Erf and Hext are parallel to the c axis on the sample stage
made of Teflon ~as shown in the inset @a#!. This configuration
is same as in previous experiments.14,23 In the second case,
the samples are glued on the H plane of the cavity with
grease so that Hrf and Hext are parallel and perpendicular to
FIG. 1. Schematic view of the cavity resonator and the position
of the single-crystalline Bi 2Sr 2CaCu 2O 81d sample. The cavity is
made of copper waveguide of WRI-320 ~JIS; WR-28 in EIA!,
whose inner cross section is a rectangle of 7.11 mm 3 3.56 mm.
The resonance frequency of the cavity is 35.11 GHz without load.
The samples are placed at two positions corresponding to two dif-
ferent configurations between the microwave E and H vectors and
crystallographic axis of the sample. Insets @a# and @b# show the
geometrical relation between the sample and microwave E and H
vectors used for longitudinal plasma and transverse plasma excita-
tions, respectively.
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We employ as the measurement system a conventional
reflection-type microwave bridge which consists of a kly-
stron, a magic tee, E-H tuners, an isolator, an attenuator, and
the other components. The incident microwave power is
roughly estimated to be between 50 and 10 mW, although
the absorbed power was not calibrated. The absorption signal
is detected as a change of cavity impedance by a semicon-
ductor detector. In principle, this system has the advantage,
in comparison with the bolometric techniques which have
been previously employed, that additional phase information
can be extracted from the resonance data. The block diagram
of the measuring system is shown in Fig. 2.
III. EXPERIMENTAL RESULTS
A. Resonance absorption
in a perpendicular oscillating electric field Erfic
For both samples, a sharp plasma resonance is observed.
As an example, typical resonance lines of sample A are
shown in Fig. 3, where the absorption is shown as a function
of Hext , applied parallel to the c axis, for various tempera-
tures below Tc . The resonance line begins to appear just
below Tc near zero field and the resonance field shifts to
higher field as temperature is decreased. The resonance field
shows a maximum around 25 K and decreases again as tem-
perature is decreased. At temperatures lower than 25 K, the
resonance line tends to show considerable hysteresis with
field increase and decrease. It is noted that the hysteretic
resonance line below 25 K shows relaxation behavior, indi-
cating that the nonequilibrium magnetic properties are in-
FIG. 2. Block diagram of the measuring system used in the
present microwave experiment. This configuration is commonly
used as an ESR spectrometer. The incident microwave frequency is
stabilized by the AFC ~automatic frequency controller! and the ab-
sorption is detected by a Shottky barrier diode. The superconduct-
ing magnet can generate a horizontal magnetic field up to 60 kOe.volved in this phenomenon. This hysteretic behavior is
clearly seen in the data at 15 and 20 K in Fig. 3.
Another feature seen in Fig. 3 is that the resonance line
shape is almost symmetric with a slight tail on the higher
field side. This behavior contrasts with that for the case of
Hrfiab as described below. All these behaviors are very
similar to the previous results obtained in the same
condition.14,23 When the sample dimension in the ab plane is
reduced, the position of resonance line does not move in this
configuration (Erfic). This experiment was carried out on
sample B whose dimension in the ab plane was varied from
1.8 to 0.79 mm, although the lines are not shown here.
B. Resonance absorption
in a parallel oscillating magnetic field Hrfiab
Resonance absorption at various temperatures below Tc
590 K is shown in Fig. 4 at 35 GHz with Hrfiab ~see the
inset of Fig. 4!. The spikelike lines at 12.48 kOe are due to
the ESR signal of DPPH ~1,1-dyphenil-2-picryl hydragyl! as
a field marker. The sample was a rectangular shape, 1.46 mm
32.40 mm328 mm, in this particular case. In this case, two
distinct peaks with different characters were observed: the
resonance at the lower field is sharper and relatively weaker,
while the one at a higher field is broader and stronger in
absorption intensity. These characteristic features of the two
lines for Hrfiab are in sharp contrast with the case for Erfic ,
where only a single line is observed regardless of the sample
FIG. 3. Temperature dependence of the resonance line of
Sample A in the configuration of ErfiHextic . The incident micro-
wave frequency is 34.68 GHz. The shape of the resonance line is
almost symmetric and has a only slight tail at a higher field side,
which is the characteristic feature of the longitudinal plasma mode.
The resonance field is maximum around 25 K and decreases as
temperature increases approximately in proportion to 1/T . The inset
shows the plotted results of the resonance field ~solid circles! and
the linewidth ~open triangles! as a function of temperature.
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tion of the sample dimension for Hrfiab . In the case of larger
sample dimension L , we observed multiabsorption lines
~more than two!. We have chosen the sample to be as large
as possible for this experiment but it is restricted by the
dimension of the cavity and the field homogeneity inside the
cavity as seen in Fig. 1.
When the temperature is varied from 4.2 K, both reso-
nance lines shift toward higher fields up to about 25 K, then
turn to decrease to lower fields drastically. Below 25 K, the
resonance curve shows the hysteretic behavior as seen in Fig.
3. It seems experimentally that such a temperature depen-
dence of the resonance lines is common for both cases in
Hrfiab and in Erfic . This behavior, in particular, for the case
of Hrfiab is plotted in Fig. 5, where the sharp maximum of
the resonance field as a function of temperature can be seen.
These maximum positions reproduce very well the irrevers-
ibility line as pointed out previously.13 In this figure, the
temperature dependence of the resonance lines for two other
sample dimensions are also added.
The observed absorption lines at 25 K at various sample
sizes are displayed in Fig. 6. Here, L' , as shown in the inset
of Fig. 6, is the sample length along the direction perpen-
dicular to Hrf , which is varied, and the length along the
parallel direction L i to Hrf is kept constant for all L' . In this
condition, the peak at higher field shifts to higher field as L'
is reduced and sharply diverge at the critical length of L*.
FIG. 4. The resonance absorption of sample A for a fixed di-
mension of the ab plane at 35.0 GHz. The oscillating magnetic field
(Hrf) is applied parallel to the ab plane. In this particular sample
dimension, two transverse Josephson plasma resonance peaks can
be observed. A sharp and rather symmetric resonance is observed at
lower field, whereas a broad and asymmetric resonance is seen at a
higher field. A small and sharp spike at 12.48 kOe is due to the ESR
signal of DPPH as a magnetic-field reference marker. The inset
shows the sample geometry with configuration of the microwave H
vector and the external field.The sample dimension L' is actually changed from 2.50 to
0.737 mm. The largest size is limited by the cavity size. In
contrast, the lower resonance does not move despite chang-
ing the sample size. We note that the resonance absorption at
the lower field remains at the same field, similar to the one
for Erfic , although the intensity decreases as the size is re-
duced. We have checked the influence of the L i on the reso-
FIG. 5. Temperature dependence of the transverse Josephson
plasma resonance field for three different dimensions of the ab
plane, 2.5, 1.94, and 1.46 mm. Dotted and solid lines are a guide to
the eye.
FIG. 6. The absorption lines observed in sample A at 25 K at a
various sample dimensions of the ab plane. The detailed sample
geometry as well as the configuration between the microwave Hrf
and external field Hext is shown in the inset. The sample size is
reduced along one direction step by step, and the length along the
other direction is fixed at 2.4 mm. The broad resonance at a higher
field shifts to higher fields as L decreases, while the sharp reso-
nance at the lower field does not move. The absorption intensity
decreases as L is decreased.
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confirmed that the resonance line did not shift at all.
As seen in Figs. 4 and 6, the characteristic feature in the
case of Hrfiab is the line shape. The lower field line is sharp
and has more or less a symmetric line shape, in strong con-
trast to the higher field line, which exhibits broad and rather
asymmetric line shapes with a strong tail at the higher field
side. When the sample size is reduced to the critical dimen-
sion L*, the resonance line shifts sharply to the higher field
side and becomes extremely broad, then disappears at L*.
Although the higher field resonance line is influenced by the
dimension, the lower field line does not shift at all. The
smallest sample dimension in this case was L50.737 mm,
limited by the detection limit of the resonance intensity.
IV. DISCUSSION
In this section, we will discuss the nature of the resonance
which is observed under two different configurations, Erfic
and Hrfiab . We take the x and y axes in the ab plane and the
z axis along the c axis of the samples in the following dis-
cussion.
A. Plasma excitation with a perpendicular oscillating electric
field: longitudinal plasma
As described in Fig. 1, the sample is placed at the center
of the cross section of the cavity at a distance lg/4 above the
bottom of the cavity. In this case, the oscillating electric field
Erf acts uniformly on the sample. ~The inhomogeneity of the
Erf in the sample with 1 mm 3 1 mm size is estimated to be
less than 5% over the sample.! Moreover, it is advantageous
that, in this cavity mode, the electric vector Erf can be sepa-
rated from the magnetic vector Hrf without complication.
This condition cannot be met by other cavity modes such as
the cylindrical ones. If the external electric field Erf is uni-
form in the ab plane, we can assume that the phase differ-
ence between the layers is also uniform in the direction par-
allel to the layers. As is well known, the gauge-invariant
phase difference between l11th and lth layers is defined by






dzAz~z ,t !, ~1!
where f05hc/2e , w l(t) is the phase of the order parameter
on the lth superconducting layer and Az(z ,t) is the z com-
ponent of the vector potential. The oscillating electric field
Erf induces the current through the l11th and lth layers,
which consists of Josephson current j csinwl11,l(t), quasipar-
ticle current sqpEl11,l(t), and displacement current (e/4p)
3(]/]t)El11,l(t), and can be expressed as





El11,l~ t !, ~2!
where j c is the Josephson critical current density, sqp is the
conductivity for the quasiparticle current, and e is the high-
frequency dielectric constant of the insulating block layers,
respectively. If the charging effect is taken into account, the
Josephson relation of the phase difference w l11,l(t) and the
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where s and D are the thickness of the CuO 2 and the block
layers, and m is the screening length of the superconducting
charge, which is much shorter than the London penetration
depth lc . This equation ~3! is the modified Josephson rela-
tion for the case of thin electrodes and can be reduced to the
conventional Josephson relation when em2/sD!0. Combin-
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where a5em2/sD , b5es/pD jc, and lc5Acf0/8p2D jc is
the penetration length along the c axis. The solution of Eq.
~4! for J50 and sqp50 gives the dispersion relation of the
longitudinal Josephson plasma as
vL~kz!5vpA11 2em2D2 @12cos~kzD !# ,
.vpA11em2kz2, ~5!
with vp5c/Aelc . Since e;10 and m;10 Å, this disper-
sion relation is almost independent of kz in the microwave
frequency region (kz;1 cm21). Although the excited
plasma is represented by the superposition of the standing
waves with wave number k2n115(2n11)p/d , with n and d
being the integer and thickness of the sample, the longitudi-
nal plasma resonance has a sharp and little asymmetry of the
line shape because of the dispersionless character of the lon-
gitudinal plasma expressed by Eq. ~5!. Similar results have
been reported earlier by Bulaevskii et al.35 for arbitrary k,
although they do not take into account the charge screening
effect.
In this experiment, d is fixed for all L , and vL is not
sensitive to kz because of the flat dispersion. Therefore, vL
changes little unless d varies drastically. Experimental
results13 indicate that the plasma frequency vp depends on
Hext as vp}Hext
21/2
, which enables us to rewrite vL /vp as
(Hext /H0)1/2, where H05G2/vL2 is the resonance field. Using
this equation, it is found that the resonance field is also in-
dependent of L . The observed resonance field is indeed in-
dependent of L within the experimental error. This agrees
with the theoretical predictions discussed above.
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transverse plasma
Let us consider a layered system whose dimension is L
along the x axis and infinity along y and z axes as displayed
in Fig. 7. When Hrf is applied parallel to the y axis with
uniform intensity within the ab plane, the screening current j
is induced. As a result, the electric field E is formed in ac-






















where j5(0,0,j z), A5(0,0,Az), B5(0,By,0), and E
5(0,0,Ez). The normal mode of the electromagnetic wave
inside the superconductor can be obtained by setting By
}exp@ ikx2ivt# into the Maxwell’s equations ~7! and ~8!.











where k is defined as k5k81ik95(v/c)A«(v). Since By
must satisfy the boundary condition at x56L/2 as B
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~11!
FIG. 7. Schematic diagram of the crystal with microwave com-
ponent Hrfiy for the transverse plasma excitation. The solid arrows
indicate the hypothetical external current (j) induced by Hrf . The
current parallel to the c axis penetrates much deeper than the one
parallel to the ab plane because lc /lab is as large as 1000 in
Bi 2Sr 2CaCu 2O 81d . This current along the c axis drives the oscil-
lating electric field of Erf , which excites the transverse Josephson
plasma.The power absorption `5*2L/2












coshk9L1cosk8L D , ~12!
where «(v)5e(12vp2/v2)14pisqp /v . Since the reso-
nance peaks originate from the pole of Eq. ~12!, this condi-
tion yields either «(v)5e(12vp2/v2)50 or 1
1cos(v/c)A«(v)L50. The former equation leads the
fundamental resonance at v5vp , while the latter equation








As mentioned before, we can rewrite v2/vp
2 for H/H0, thus







where H0 denotes the resonance field of the large L limit.
This implies that the multiple-resonance lines may be ob-
served, depending on the sample size L . For instance, double
resonance lines are observable with condition of 4.05 mm
<L<6.75 mm for e510 and v/2p535 GHz, whereas a
single resonance is expected in 1.35 mm<L<4.05 mm. It
is noted that there is only a fundamental mode when the
sample size is smaller than 1.35 mm.
Figure 8 shows the experimental results of the resonance
field as a function of L . The resonance lines show the sharp
divergent behavior as the sample size is reduced. The solid
lines are the fitted curves using Eq. ~14! with a single param-
eter e . As seen in Fig. 8 the agreement between the experi-
mental results and the fitted curve is excellent. From this
analysis the value of e58.47 is deduced.
V. SUMMARY
We have measured the Josephson plasma resonance as a
function of the sample size L , and characterized the longitu-
dinal and the transverse plasma modes. It is of importance to
stress here that the two plasma modes were experimentally
separated out and were identified independently.
The longitudinal plasma is excited by a perpendicular os-
cillating electric field (Erfic), exerted uniformly in the ab
plane. Since the resonance field, which is equivalent to the
Josephson plasma frequency, is independent of the dimen-
sion in the ab plane in this case, the longitudinal plasma,
which propagates with the wave vector k perpendicular to
the layers, is actually independent of uku.
In contrast, by applying the parallel oscillating magnetic
field (Hrfiab), the transverse plasma can be generated,
which propagates parallel to the ab plane. Therefore, the
Josephson plasma resonance observed in this configuration
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appearance of the strong ab-plane size dependence. The shift
of the resonance field by reduction of L is quantitatively
explained by Eq. ~14! with a single parameter e , and is in
good agreement with the picture of the layered supercon-
ducting system with finite size of the plane.24,25 The result of
the fitting gives the value e58.47. This good agreement en-
sures that the theoretical model used here is appropriate to
describe the Josephson plasma phenomena. This sharply
contradicts the approach given by Bulaevskii et al.,15–17,35
who do not take into account the charge screening effect in
their treatment, although the final result is almost identical.
This charge screening effect is the most essential difference
in the layered system such as Bi 2Sr 2CaCu 2O 81d in com-
parison with the conventional Josephson junctions.
According to the concept of the spontaneously broken
symmetry, the symmetry of the phase degree of freedom of
FIG. 8. The resonance field diagram for sample A as a function
of the sample size L at 35 GHz and 25 K. The solid symbols
indicate the transverse plasma resonance, which shows divergent
character in the case of Hrfiab , and solid lines indicate the fitted
results by Eq. ~18!. The open symbols represent the sharp resonance
field which appears at the lower field. The horizontal dotted line is
a guide to the eye. The inset displays the same diagram for sample
B in which the size dependence of the resonance in Erfic was also
measured.the gauge field is broken in the superconducting
transition.26–29 The longitudinal plasma mode is the collec-
tive excitation mode, also called the phason mode or the
Nambu-Goldstone mode.30,31 However the transverse plasma
mode is not the Nambu-Goldstone mode in a supercon-
ductor.
In a conventional superconductor, the plasma modes ~both
longitudinal and transverse mode! have an energy gap, which
is of the order of eV, far beyond the superconducting energy
gap of a few meV. This energy gap was predicted by
Anderson,26 who took into account the long-range Coulomb
interaction effect in the theory of superconductivity. The en-
ergy level is identical to the plasma energy in the normal
state, which lies at such high energies that the excitation
mode cannot be distinguished from the quasiparticle excita-
tions with the strong Landau damping. Therefore, there has
been no experimental confirmation of the plasma mode in a
superconductor, especially the longitudinal plasma mode
~Nambu-Goldstone mode!.
The Josephson plasma mode is nothing but the supercon-
ducting plasma mode associated with the Josephson Cooper
pair tunneling through insulating layers, and has been proved
to exist in the present high-Tc superconductor
Bi 2Sr 2CaCu 2O 81d .17,22,30 As explained in Sec. III, we were
able to separate the two Josephson plasma modes experimen-
tally. This enables us to identify the longitudinal Josephson
plasma mode separately from the transverse one. This was
experimentally carried out by measuring the sample size de-
pendence of the resonance, which is derived from the differ-
ence in the dispersion relations of the two modes. The ex-
perimental result agrees very well with the theoretical
prediction as described in Sec. IV. Therefore, it is concluded
that we have experimentally confirmed the existence of the
Nambu-Goldstone mode in a superconductor, which has a
finite gap as described by the Anderson-Higgs
mechanism.29,32,33 We also note that although the Carlson-
Goldman mode36 in a conventional Josephson junction was
shown to be the Nambu-Goldstone mode, the excitation is
only possible with strong coupling between Cooper pairs and
quasiparticles. Therefore, this excitation may be only observ-
able in the very vicinity of Tc .
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